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In flywheel based energy storage systems (FESSs), a flywheel stores mechanical energy that interchanges in 
form of electrical energy by means of an electrical machine with a bidirectional power converter. FESSs are 
suitable whenever numerous charge and discharge cycles (hundred of thousands) are needed with medium 
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to high power (kW to MW) during short-time periods (seconds-minutes). Monitoring of the FESS state of 
charge is simple and reliable as only the spinning speed is needed. The materials for the flywheel, the type of 
electrical machine, the type of bearings and the confinement atmosphere which all together determine the 
Keywords: FESSs energy efficiency ( > 85%) are reviewed. Main FESS applications: power quality, traction and aerospace 
Flywheel energy storage systems are presented. Additionally in this paper it is presented the simulation of an isolated wind power system 
(ae systems (IWPS) consisting of a wind turbine generator (WTG), a consumer load, a synchronous machine (SM) and 
Wind diesel a FESS. A low-speed iron flywheel driven by an asynchronous machine (ASM) is sized for the presented IWPS. 
Short-term simulation The simulation results with graphs for system frequency, system voltage, active powers of the different 
elements, and FESS-ASM speed, direct and quadrature currents are presented showing that the FESS 

effectively smoothes the wind power and consumer load variations. 
© 2012 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Flywheel energy storage systems (FESSs) store mechanical 
energy in a rotating flywheel that convert into electrical energy 
by means of an electrical machine and vice versa the electrical 
machine which drives the flywheel transforms the electrical 
energy into mechanical energy. Fig. 1 shows a diagram for the 
components that form a modern FESS. The flywheel, with 
moment of inertia J, spins at a speed œ storing kinetic energy Ee as 


E= los? (1) 


Moment of inertia depends on the flywheel mass and geo- 
metry [1] as follows: 


[= |” dm 2) 


where r is the distance of each differential mass element dm to 
the spinning axis. 

The bi-directional power converter transforms electrical 
energy at the machine frequency into DC electrical energy and 
vice versa. Another bi-directional converter is necessary to trans- 
form DC electrical energy to AC electrical energy at grid frequency 
50/60 Hz and vice versa. 

Rated power determines the sizing of the electrical machine 
and the power converter. The duration of the energy interchange 
is determined by (1) and the rated power, neglecting losses. 

FESSs are adequate for interchanging medium and high 
powers (kW to MW) during short periods (seconds) with high 


50/60 Hz 
grid 


Bidirectional Converter 


energy efficiency ( > 85%) [2,3]. In these situations, FESSs have 
favorable characteristics when compared with electrochemical 
batteries. FESSs allow a very high number of charge/discharge 
cycles (hundreds of thousands). This number of cycles is inde- 
pendent of the temperature and the depth of the discharge (DOD). 
Therefore, the FESS useful lifetime is very long ( >20 years) and 
FESS disposal does not have environmental concerns. In addition, 
monitoring of the state of charge (SOC) for FESS is simple and 
reliable as only the flywheel spinning speed is needed to know [3]. 
Main applications of FESSs are related to power quality, traction 
and aerospace industry. 


2. Components of the flywheel based energy storage systems 


In order to maximize E,, according to (1), moment of inertia I 
in (2) can be increased by increasing the flywheel volume (radius 
r and height) and the material mass m. Spinning speed w can be 
also increased, which results in a greater efficiency as spinning 
speed is squared in (1). 

Broadly speaking, the flywheel spinning speed œ allows classify- 
ing FESSs in two types [7]: low-speed FESSs (< 6000 rpm) and 
high-speed FESSs (10*-10° rpm). In order to maximize the energy 
efficiency low-speed FESSs make use of conventional technologies, 
whereas high-speed FESSs make use of advanced technologies. For 
this reason, the price of low-speed FESSs can be up to five times 
lower than the cost of high-speed FESSs [7] although their perfor- 
mance is always inferior. Characteristics of both FESS types are 
described next and summarized in Table 1. 


Electrical 
Machine 


Enclosure 


Fig. 1. Components that form an FESS. 


Table 1 
Characteristics of low-speed FESSs and high-speed FESSs. 


Characteristic Low-speed FESSs 


High-speed FESSs 


Flywheel material [4,5] Steel 
Electrical machine 
machines 

Integration of electrical machine and 
flywheel [6] 

Confinement atmosphere [7] 

Enclosure weight [8] 

Bearings [7,4] 

Main applications Power quality [4] 

Cost 1 


Partial vacuum or light gas 
2 x flywheel weight 


Asynchronous, permanent magnet synchronous and reluctance 


No integration or partial integration 


Mechanical or mixed (mechanical and magnetic) 


Composite materials: glass and carbon fibers 
Permanent magnet synchronous and reluctance 
machines 

Full or partial integration 


Absolute vacuum 

12 x flywheel weight 

Magnetic 

Traction and aerospace industry 
5 
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2.1. Flywheel material 


The maximum spinning speed œw is determined by the capacity 
of the material to withstand the centrifugal forces affecting the 
flywheel, that is, the material tensile strength [7]. 

Centrifugal forces are proportional to the mass, the radius and 
the squared spinning speed. The maximum energy per volume 
unit (energy density) and per mass unit (specific energy) are 
respectively [9] 


ey = Kooy (3) 


(oy 
em =K ae (4) 


where K is a constant depending on the shape, p is the mass 
density and oo, the maximum tensile strength. Table 2 compares 
all these mentioned characteristics for metallic and composite 
material usually employed in flywheels. 


Table 2 
Characteristics for different flywheel materials [10]. 


Material p (kg/m?) Gou (MPa) ev(MJ/m?°) em (kJ/kg) 
Aluminum 2700 500 251 93 
Steel 7800 800 399 51 
Glass E/epoxy 2000 1000 500 250 
Graphite HM/epoxy 1580 750 374 237 
Graphite HS/epoxy 1600 1500 752 470 
I 
x : 
Disc of Laval K=1 
3 
3s 
= 
Solid Disc - K=0.606 
Fs 
8 Thick ring - K=0.305 
S 
Š 
Thin ring - K—0.50 
E 
Fig. 2. Different flywheel shapes. 
Table 3 


Main characteristics of the electrical machines suitable to be used for FESS [18,19]. 


In order to obtain high specific energy, flywheel materials 
must be light, with low p, and have high tensile strength allowing 
high spinning speeds, such as modern composite materials. 
Metals are heavy and do not allow reaching high spinning speeds. 
Metals only allow obtaining modest energy density, but prices are 
20/30 times lower than those of the composite materials [5]. 


2.2. Flywheel shape 


Eqs. (3) and (4) are valid assuming axial symmetry and planar 
stress [11]. The shape factor K can be described as a measurement of 
the flywheel material utilization. Fig. 2 shows the main flywheel 
shapes used for metallic and composite materials and the values of K 
for the case of homogenous isotropic materials [11]. 


2.3. Electrical machine 


The electrical machine, acting as a generator, slows down the 
flywheel transforming its mechanical energy into electrical energy. 
Conversely, the electrical machine, acting as motor, speeds up the 
flywheel increasing its mechanical energy and consuming electrical 
energy. Table 3 summarizes the main characteristics of the electrical 
machines suitable to be used for FESS. 

Asynchronous machines are used for high power applications 
because of its rough construction, high torque and low cost [12]. 
Copper rotor losses exclude the asynchronous machine from 
using enclosures with absolute vacuum as cooling results diffi- 
cult. This is because the absolute vacuum allows only heat 
transferring by radiation. Doubly fed asynchronous machines 
have also been used for FESS as they allow reducing the sizing 
of the power converter [13,14]. 

Permanent magnet synchronous machines (PMSMs) have 
become the most usual choice for FESSs due to their high 
efficiency. PMSMs have no rotor losses resulting suitable for 
confinements in vacuum. The so-called Hallbach array for the 
permanent magnets allows eliminating all the iron losses at the 
expense of lower magnetic flux and thus lower power [5,15]. 
Permanent magnets have concern of accidental demagnetization, 
which increases with temperature. In addition, permanent mag- 
nets have high price and low tensile strength. 

In order to solve these disadvantages, variable reluctance 
machines (VRMs) for FESSs have been proposed. VRMs have no 
demagnetization concern as torque is exclusively due to the 
reluctance variation. Materials for the constructing reluctance 
machines have high tensile strength and low cost. VRM rotor 
losses due to the slots are low enough to allow confinement with 
absolute vacuum [16,17]. 


Machine Asynchronous 


Variable reluctance 


Permanent magnet synchronous 


Power High 

Specific power Medium ( ~ 0.7 kW/kg) 
Rotor losses Copper and iron 

Spinning losses Removable by annulling flux 


Efficiency High (93.4%) High (93%) 
Control Vector control 

Size 1.8 I/kW 2.6 I/kW 
Tensile strength Medium Medium 
Torque ripple Medium (7.3%) High (24%) 
Maximum/ base speed Medium ( > 3) High (> 4) 
Demagnetization No No 


Cost Low (22€/kW) 


Medium and low 

Medium ( ~ 0.7 kW/kg) 

Iron due to slots 

Removable by annulling flux 


Synchronous: vector control. Switched: DSP 


Low (24€/kW) 


Medium and low 

High ( ~ 12 kW/kg) 

None 

Non-removable, static flux 
Very high (95.2%) 
Sinusoidal: vector control. Trapezoidal: DSP 
2.3 I/kW 

Low 

Medium (10%) 

Low (< 2) 

Yes 

High (38 €/kW) 
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In high-speed FESSs, the electrical machine and the flywheel 
are fully integrated forming a single compact element. In low- 
speed FESSs they are separated apart or just partially integrated in 
a common enclosure. 

Maximum spinning speed determines maximum FESS energy 
storage, see (1). Nevertheless, it is not possible to harness all the 
stored energy, as this would require too high electrical torque. 
This is because the required interchange power is equal to torque 
times spinning speed. A minimum speed of a half the maximum 
speed, which requires doubling the torque, allows harnessing 75% 
of the stored energy [5]. 


2.4. Power converter 


The FESS connects the electrical machine to a DC-link by 
means of a bidirectional power converter (DC/AC) normally 
referred as inverter, see Fig. 1. This inverter is most often a 
three-phase bridge of semiconductor switches [20] working as a 
voltage source inverter (VSI) controlled by pulse width modula- 
tion (PWM). The proper selection for the switches (MOSFET, IGBT, 
etc.) will depend on the blocking voltages and current capabilities 
as well as on the switching frequency. Higher switching fre- 
quency reduces the electrical machine current and torque ripple 
[5] and increases control bandwidth, but at the expense of 
increasing switching losses. Additional LC-based filters may be 
needed to connect the inverter and the electrical machine. This 
would be necessary to supply sinusoidal currents without ripple 
into the machine and thus reducing losses, windings deterioration 
and EMI [21,22]. The inverter is controlled to make the electrical 
machine behave as a generator or as a motor according to the 
instantaneous needs. Electrical machine control comprises two 
nested closed loops. The inner and faster loop corresponds to 
stator currents and the outer and slower one corresponds to 
torque, and thus to the interchanged power [21]. Feedforward 
current control can also be used provided a sufficiently accurate 
model is available, to avoid closed loop stability issues, as 
electrical machine dynamics are inherently stable [22]. The 
control commands the proper current references producing the 
required torque and leading to the maximum energy efficiency at 
steady state [20,22]. 

The electrical machine is usually controlled to vary the torque 
as needed in order to keep the DC-link voltage constant. This is 
achieved by ordering motor/brake torque to accelerate/decelerate 
flywheel when the DC-link voltage rises/falls. Hence, the constant 
voltage DC-link behaves as an ideal DC voltage source analogous 
to a conventional electrochemical battery. 

In order to connect the FESS to an AC grid, another bidirec- 
tional power converter (DC/AC), usually referred as rectifier, is 
necessary. Most of the times another three-phase bridge of 
semiconductor switches [16,20] is used with a capacitor acting 
as DC-link [7], see Fig. 1. Higher switching frequency reduces the 
current ripple, easing the connection filter design, and increases 
the rectifier control bandwidth, but again at expense of increased 
switching losses. The rectifier allows supplying/retrieving active 
and reactive power to/from the AC grid with sinusoidal currents. 
The rectifier connected to the constant voltage DC-link establishes 
current references to produce/consume the required active and 
reactive power. The above-mentioned control, which will be 
used for the later simulation, contrasts with usual servo control 
for the electrical machine. For the servo case, the rectifier controls 
DC-link voltage to be constant and the inverter commands the 
torque references for speed control. This scheme has also been 
used for FESS considering the interchanged power equal to the 
torque reference times the mechanical speed by neglecting all the 
losses [23]. 


2.5. Bearings 


Conventional mechanical bearings are a source of energy losses, 
need lubrication and require periodic maintenance due to wearing. 
In order to avoid these limitations FESSs make use, totally or 
partially, of magnetic bearings, where the shaft levitates due to 
repulsive magnetic forces. As there is no friction, there is no wearing 
either, resulting in almost no maintenance. Indeed, there is no need 
of lubrication, which results appropriate for absolute vacuum 
confinements. FESSs still need auxiliary mechanical bearings in case 
of the failure/overload in magnetic bearings [3]. 

Passive magnetic bearings consist of permanent magnets and 
must be combined with another type of bearings as they are 
inherently unstable. Active magnetic bearings consist of coils that 
vary the electromagnetic forces based on the shaft position 
attaining stability by using a feedback system. Finally, magnetic 
bearings based on superconductors take advantage of the dia- 
magnetic behavior of superconductors when the superconduction 
temperature is reached by means of a criogenization system [24]. 


2.6. Enclosure 


The aerodynamic friction torque is proportional to the spin- 
ning speed and to the density and pressure of the gas surrounding 
the flywheel. In order to reduce the aerodynamic losses, the 
flywheel is confined in a vessel with partial vacuum (reduced 
pressure) or with a gas less dense than the air, e.g. Helium [3]. 
In order to completely eliminate the aerodynamic losses, the 
flywheel is confined into a vessel with absolute vacuum, which 
makes difficult the electrical machine cooling and the mechanical 
bearings lubrication. 

The enclosure must be capable of withstanding the impacts of 
the flywheel fragments in case of accidental destruction due to 
overspeed. Composite material fibers disintegrate progressively in 
numerous fragments, with mainly rotational movement, easy to 
be retained by the enclosure as their energy is dissipated by 
friction. Steel explodes violently in a few fragments, with mainly 
translational movement, difficult to be retained by the enclo- 
sure [8]. Therefore, high-speed FESSs require an enclosure weigh- 
ing half the flywheel weight whereas low-speed FESSs two and 
half times for the very same stored energy amount [1]. 


2.7. FESS components research and development needs 


High-speed FESSs still have high costs that limit widespread 
adoption. The main areas for advancement are those related to 
the flywheel material and the magnetic bearings [25]. The FESS 
energy density should be increased by using higher performance 
materials at lower cost [26]. Manufacturers need further research 
to identify the optimum conditions for the fabrication process of 
the carbon fiber-reinforced plastics determining the ideal tem- 
peratures of the resin and mandrel, winding speed of the fibers, 
and winding patterns [25]. In addition, accurate models of the 
composite flywheels should be developed to predict the long- 
term operation and assessing the system health. These models 
will have to consider creep, fatigue, and fracture tendencies of the 
material. 

Improvements to the homogeneity of the magnetic field 
distribution in superconducting magnetic bearings will reduce 
the rotation loss by mitigating eddy currents that lead to 
inefficiency and material fatigue. Moreover, effectiveness in 
handling flux creep of the superconducting material should be 
developed to avoid the gradual fall from decreased levitation 
forces. Finally, active magnetic bearings need additional efforts to 
reduce their rotation losses and energy consumption [25,27]. 
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3. FESS main applications 


An FESS can be used as ESS for short-term since it allows 
continuous variations in the interchanged power with fast 
response and long lifespan. In [3,28,29] FESSs are compared with 
other short-term and long-term ESS. FESSs are typically employed 
in transportation and power quality applications as both require a 
large number of charge-discharge cycles [30]. Low-speed FESSs 
are only appropriate for stationary applications related to power 
quality where the specific energy is not important. FESSs are also 
used in the aerospace industry [3,31]. 


3.1. Applications related to power quality 


Uninterruptible power system (UPS) is the most successful 
application for FESSs. This is because 97% of AC outages last less than 
3s [7] and they are more reliable than traditional sealed lead-acid 
batteries. In addition, the standby generators can reliably support the 
critical load in 10 s or less. FESS replaces electrochemical batteries in 
the UPS whatever its configuration is (on-line, off-line, etc.)[7]. It can 
be considered that FESS is a mature technology with many manu- 
facturers in the market [2]. 

In electrical systems, the power supply and demand varies from 
second to second. In each instant if the produced power is higher/ 
lower than the consumed load the system frequency rises/drops. 
This effect is increased by the growing presence of renewable power 
sources (wind and solar) with intermittent production [32]. Hence, 
the system operator needs controllable power sources, usually fossil 
fuel powered plants, for frequency regulation [33]. The use of ESSs 
allows increasing the renewable energy penetration and in [34] 
several energy storage technologies including FESS are reviewed for 
wind power applications. The reliability, long useful life and quick 
response of the FESS allows using it for frequency regulation 
without burning fossil fuel and therefore no produced emissions. 
In Stephentown, NY, a FESS-based plant storing 20 MW during 
15 min is used for frequency regulation. The plant can consume/ 
produce 20 MW according to the current needs with response time 
of less than 4s. The plant comprises more than 200 flywheels and 
each flywheel weights 1150 kg and spins magnetically levitated at 
16 x 10? rpm [35]. The direct competition for FESS-based plants for 
frequency regulations are those based on Li-ion batteries. These 
plants based Li-ion batteries are more inexpensive to install but the 
extremely fast cycling requirements might limit the depth of 
discharge and degrade the energy storage capability [36]. 

FESSs have also been used in isolated power systems. The 
island of Utsira-Norway [37] is supplied by a wind/hydrogen 
plant which includes an 100kVA grid forming synchronous 
machine and a 200 kW output power low-speed FESS with an 
energy storage capacity of 5 kWh used as a short-term storage to 
compensate the seconds range wind energy fluctuations. The 
power system of the island of Flores-Azores [38] has a mix of 
diesel, wind and hydro generators and includes a 350 kW output 
power/5 kWh capacity FESS with the main function of improving 
system frequency stability. The wind diesel hybrid system 
(WDHS) of Coral Bay, Australia, combines seven diesel generators, 
each 320 kW, with three wind turbines, each 275 kW. The WDHS 
uses a FESS that produces/consumes 500 kW and stores 5 kWh to 
smooth the fluctuating the wind power [39]. 


3.2. Applications related to traction 


In traction engines, there exist an average and fluctuating 
power consumption due to the accelerations and decelerations. 
The propulsion source is usually oversized to be capable of coping 
with the maximum power consumption during accelerations and 
the regenerative braking energy is usually dumped. More efficient 


it is to size the main propulsion source for the average power 
consumption and allow ESS systems coping with the fluctuating 
power consumption. The ESS stores energy during braking peri- 
ods, which will be supplied back during the accelerations [31]. In 
hybrid vehicles the main power source is a motor of internal 
combustion [3,6], and by means of the ESS, reductions in the fuel 
consumption, emissions and maintenance are achieved. Whereas 
most of the hybrid cars use electrochemical batteries as ESS 
(Ni-MH for middle range and Li-ion for high-end vehicles) [40] 
advanced sport cars are using FESS [41,42], again, due to the 
extreme cycling requirements. Analogous benefits are obtained 
when this procedure is applied to trains whose propulsion source 
is a gas turbine. When used in applications related to traction, 
flywheels act as gyroscopes offering resistance to change the 
rotation axis orientation. In order to remove this effect, flywheels 
must be mounted within a set of gimbals or controlled as pairs 
spinning synchronously in opposite directions [3]. 

Using FESS to improve the power quality in the catenaries of 
subway and electric trains is halfway between applications 
related to power quality and traction. FESS mitigates voltage 
oscillations in the catenaries and reduces the total electricity 
consumption by recovering the energy coming from regenerative 
braking otherwise dumped. In addition, substations for supplying 
stations of new construction can be sized only for the average 
power consumption with FESS coping with the fluctuating power 
in a manner analogous to the one previously explained [3]. 


3.3. Applications related to aerospace industry 


Satellites use electrochemical batteries that are charged during 
the periods of light by means of solar panels and discharged 
during the periods of darkness. When replacing the electro- 
chemical batteries by a FESS, mass and volume reductions are 
obtained along with increased reliability in the SOC monitoring 
and longer useful lifetime. Even more weight and volume reduc- 
tions are possible if the FESS have a double function: energy 
storage and the satellite orientation control. The FESS also are 
used to provide the power pulse to the new electromagnetic 
systems for launching airships in aircraft carriers replacing 
heavier and less efficient steam storage-based catapults [31]. 


4. Application of a FESS to an isolated wind power system 


In this section the isolated wind power system (IWPS) with a 
FESS shown in Fig. 3 is simulated. The IWPS of Fig. 3 can be 
considered a high penetration WDHS in wind only mode where 
the diesel generators are not running and only the WTGs supply 
active power to the system [43,44]. It comprises one WTG which 
supplies uncontrolled active power, a consumer load which 
consumes uncontrolled active power, a FESS which consumes/ 
generates controlled active power and a synchronous machine 
(SM). The SM generates the voltage waveform and its voltage 
regulator controls that the voltage is within prescribed levels. For 
this reason the SM must be always running close to its rated 
speed. In the system to simulate only one WTG is considered so 
that the wind power fluctuation is maximum corresponding to 
the worst conditions for the FESS. In a system with N WTGs, the 
localized wind turbulence is smoothed by the spatial dispersion 
of WTGs and for well dispersed WTGs, the standard deviation of 
short-term wind power fluctuations can be reduced by a factor of 
up to sqrt(N) [45]. 

The IWPS of Fig. 3 can only work if the average power coming 
from the WTG is greater than the power consumed by the load 
(plus a safety margin). The frequency is regulated by maintaining 
the instantaneous balance of the active power consumed and 
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Fig. 3. IWPS with FESS and DCS considered in the paper. 


produced. To accomplish this active power balance, the FESS can 
store (Ps > 0) the surplus active power from the WTG or retrieve 
power (Ps <0) in the periods when the wind power is less than 
current load. If Pr (Pr>0) and P; (P: >0) are respectively the 
active power generated by the WTG and consumed by the load, 
J is the inertia of the SM, and œ is the SM shaft speed in rad/s 
(related to the frequency of the voltage waveform f by w=2zf]/p, 
with p the SM number of pole pairs), the power equation of the 
IWPS if no losses are taking into account is 


dw 
Pr—P,—Ps =Jo a (5) 
dœ 
dt =0 > Pr-P; = Ps (6) 


Eq. (6) shows that to obtain constant synchronous shaft speed 
(system frequency) (dw/dt=0), the FESS must consume power 
when Pr exceeds P; and the FESS must generate power when Pr is 
less than P}. 

Fig. 3 shows a distributed control system (DCS) consisting of 
two CPU-based electronic control units (also called nodes) phy- 
sically distributed and linked by a communication network. This 
DCS is in charge of controlling the system frequency. 

As it can be seen in Fig. 3, the two nodes are: the SM shaft 
speed measurement sensor node Nw and the actuator node Ns 
controlling the FESS. To control system frequency the node Nw 
calculates a PID frequency regulator whose input is the frequency 
error (difference between the current frequency and the power 
system nominal frequency 50/60 Hz) and whose output is the 
reference power Pree needed to be absorbed/supplied (Prep > 0/ 
Pger < 0) by the FESS to balance the active power of the system. 
The power reference values Pger are sent by means of the periodic 
message shown in Fig. 3. 


5. IWSP with FESS simulation schematics 


The Matlab-Simulink [46] model of the WDHS of Fig. 3 is 
shown in Fig. 4. Some of the components described next such as 
the WTG-induction generator (IG), the SM and its voltage reg- 
ulator, the consumer load, the 3PB breaker, the FESS-ASM, the 


elevating transformer, etc., are blocks which belong to the 
SimPowerSystems [47] library for Simulink. 

The sixth-order model SM has a rated power (Psm-nom) of 
300 kVA. Its mechanical input power is 0, so it runs freely 
behaving as a synchronous condenser and has an inertia constant 
of 1s. An IEEE type 1 voltage regulator plus an exciter regulates 
the voltage in the SM terminals. 

The constant speed stall controlled WTG [48] consists of a 
fourth-order model induction generator (IG) of 275 kW (WTG 
rated power Py.joy=275 kW) directly connected to the autono- 
mous grid and the wind turbine (WT) block. The WTG has an 
inertia constant of 2 s. The WT block contains the wind turbine 
characteristic which defines the mechanical torque applied to the 
IG as a function of the wind speed and the IG shaft speed. The WT 
used has no pitch control, so there is no way to control the WTG 
active power. Since the WTG active power depends among other 
factors on the cube of the wind speed [49], all the wind speed 
variabilities are transmitted to the WTG active power, so the 
selected WTG results in the worst case of wind power variability 
to be balanced by the FESS. On the other hand, the used WTG has 
robust construction, low cost and simply maintenance and these 
are important factors in the remote locations of WDHS. The IG 
consumes reactive power so a capacitor bank has been added to 
compensate the power factor. 

5.1. FESS description and sizing 

The simulated FESS is a low-speed type consisting of a steel 
flywheel driven by an asynchronous machine (ASM) as a reduced 
weight is not important for stationary applications. Also as 
WDHSs are situated in remote locations, low cost and simple 
maintenance of the FESS are important factors, so the ASM is 
selected because of its robust construction, low cost, wide avail- 
ability and high torque and the steel flywheel is selected because 
of its low cost and simple manufacture [50]. The 8 kHz switching 
frequency rectifier has a rated power of 150 KW and works with 
unity power factor to minimize its size, so the FESS behaves as a 
150 kW controlled sink/source of active power. The FESS refer- 
ence of active power Ps-rgr can be established to operate in 
generating mode (Ps-rgr <0, the FESS decelerates the flywheel 
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Fig. 4. MATLAB-Simulink schematic of the IWPS with FESS. 


by supplying power to the isolated grid), or in motoring mode 
(Ps-rer > 0, the FESS accelerates the flywheel by absorbing power 
from the isolated grid). The transformer with ratio 1:1 isolates the 
FESS from the autonomous grid [47]. The DC-link voltage Vpc= 800 V 
and the 4.7 mF capacitance of the electrolytic capacitor bank for the 
DC-link allow the exchange of 150 kW with additional voltage margin 
to improve the current control dynamics. 

The number of pole pairs in the asynchronous machine is only 
one so it is able to reach elevated speeds [5]. The maximum speed 
for the flywheel can be chosen near the rated speed mn, of the 
single pole pair ASM (3000/3600 rpm for 50/60 Hz rated grid 
frequency) in order to use conventional bearings. The minimum 
flywheel speed cannot be near zero because the FESS rated power 
must be exchanged independently of the speed and the needed 
torque for low speeds would result too high (P=Ta). Therefore, as 
commented previously half the rated speed W,,,/2 is selected as 
minimum speed [51] for the flywheel in order not to oversize the 
electrical machine. For the rated speed P,=T,@mn Where P,, and T, 
are the rated power and the rated torque of the ASM. Hence, for 
the selected minimum speed @,,/2 in order to exchange the 
rated power 150 KW=T,@mn/2=P,/2, and so the required ASM 
rated power is 300 kW. An example of ASM that meets these 
requirements can be found in [52]. 

In a WDHS the start-stop cycling frequency of the diesel gen- 
erators due to the intermittent nature of the wind decreases from the 
very first minute of the average load storage in the ESS [53]. If the 
150 kW FESS rated power is considered the average load of the IWPS, 
the necessary storage energy in the FESS by selecting 2 min of 
average load corresponds to 150 kW x 120 s=18,000 kJ. The energy 
available in the FESS with speed ranging from @mn tO @mn/2 is 


1f o Om] SA 
E= 31| Ohn (S ) =F (30n) a) 


Therefore, the moment of inertia for a flywheel with speed 
range spanning from 3600 rpm to 1800 rpm so that the stored 
energy is 18,000 kJ corresponds to I=338 kg m? according to (7). 
This calculated inertia is entered as the inertia parameter of the 
FESS-ASM of Fig. 4, so that the ASM simulates also the flywheel. In 
a flywheel made of steel (90 =7800 kg/m3 [10]) and disk-shaped 
(r:=0), the required radius to obtain [=338 kg m? corresponds to 
T)=0.620 m. These calculations have been done for a proportion 
between disk thickness and radius of 0.3 so that the planar stress 
condition is maintained [10]. The resulting weight of the flywheel 
is 1.76 Tm. The maximum hoop stress occurs in the center of the 
disk and is equal to 352 MPa and 176 MPa for the disc with hole 
(infinitesimal radius) and without hole, respectively, which cor- 
responds to 2.3 and 4.5 times lower than the ultimate stress for 
steel ¢,=800 MPa [10], so that for safety reasons the no hole solid 
disc of Fig. 2 must be used. For other characteristic shapes of the 
metallic flywheels, the results are very similar. There are readily 
available commercial flywheels with similar characteristics to 
these described in here [50]. 

Field oriented control (FOC) is used to obtain high performance 
in the dynamic control of the ASM. The FOC allows decoupled 
control of flux and torque of the ASM in a manner analogous to 
that of the DC machine [54]. The rotor flux ¥,=Lmimr (Lm and imr 
are the magnetizing inductance and current, respectively) is 
produced by the stator direct current i,g and its dynamics is 
limited by the presence of the elevated rotor time constant T,=L,/R, 
(L, and R, are the rotor inductance and resistance, respectively). The 
electromagnetic torque is the product of the rotor flux and the stator 
quadrature current is}. The FOC keeps a constant rotor flux (slow 
dynamics) at its optimal value and quickly varies the torque (fast 
dynamics) by means of the quadrature current isq. Finally, the rotor 
flux should be reduced in order to achieve high speeds once the 
inverter voltage ceiling is reached. The structure for FOC in the ASM 
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consists of cascaded or nested controls [55]. This control structure 
allows protecting the converter and machine as the current refer- 
ences can be limited [55]. 


6. IWPS with FESS simulation results 


In the graphs presented below the system frequency and the 
rms voltage are plotted in pu value in Figs. 5 and 6 respectively. 
The active powers (kW) for the WTG, consumer load and FESS are 
plotted in Fig. 7 and they are considered positive/negative when 
they are produced/consumed. Fig. 8 shows the variables for the 
FESS: ASM speed, direct current and quadrature current. At the 
starting point in t=0 s, the active powers consumed by the load 
and FESS are 75 and 68 kW, respectively. The wind speed is 9 m/s 
and the active power produced by the WTG is 143 kW, being the 
system in steady state. 


1.002 


6.1. Load step 


Starting at the described initial state, a positive step of 100 kW 
in the consumer load is applied at t= 0.2s. by closing the 
three phase breaker 3PB shown in Fig. 4, so that the total load 
(175 kW) is greater than the WTG produced power. Fig. 7 shows 
the load step, how the FESS active power changes from — 68 kW 
(consuming) to 32 kW (supplying) and a transient in the 
WTG active power with minimum and maximum during oscilla- 
tions of 130 and 232kW respectively. During the transient 
due to the load step the minimum frequency pu is 0.9985 
(Fig. 5) and the minimum and maximum RMS voltage pu are 
0.9892 and 1.0028 respectively (Fig. 6). In the steady state 
reached at t=1.721s, the WTG produced active power stays at 
the same initial value (143 kW) as the wind speed has not 
changed and the FESS supplies the active power deficit to the 
consumer load. 
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6.2. Wind step 


In t= 3.2s, the wind speed changes from 9 to 11 m/s. The 
power produced by the WTG increases and reaches 266 kW in 
steady state (a 99% increase in wind power in relation to its initial 
value at t=0). During the transient due to the wind step change, 
the fpu minimum/maximum are 0.9997/1.0017 pu, see Fig. 5 
and the voltage pu minimum/maximum are 0.9901/1.0015 pu, 
see Fig. 6. In t= 4.805 s, the transient finishes with the FESS con- 
suming the wind power excess 91 kW. 

The ASM direct and quadrature stator currents and the 
flywheel shaft speed are shown in pu values in Fig. 8 (base 
current value is 709.46 A and base speed is 3600 rpm). The direct 
current, which controls the magnetic flux, has always a positive 
sign. The quadrature current, which controls the electromagnetic 
torque, has a positive (negative) sign for brake (motor) torque, 
decreasing (increasing) the flywheel speed, and with the FESS 
supplying (consuming) power to the isolated grid. This 


quadrature current sign criterion is the opposite of the usually 
employed with servos. In Fig. 8 the magnetizing current and 
therefore the direct current keeps constant in 0.19 pu, optimum 
value with maximum power factor at rated power. This is because 
the flux weakening mechanism does not act as the DC link 
provides enough voltage ceiling [55]. Thus, the electromagnetic 
torque varies only due to the ASM quadrature current. Neglecting 
all the losses, the FESS active power can be approximated to 
the ASM electromagnetic torque times the flywheel speed. The 
flywheel speed barely varies because of the relatively high inertia 
and the reduced simulation time. Therefore, FESS active power 
is directly proportional to the ASM quadrature current. This 
explains that the ASM quadrature current in Fig. 8 resembles a 
scaled version of the FESS active power in Fig. 7. In Fig. 8 the 
quadrature current is initially —0.29 pu with the FESS absorbing 
power from the isolated grid. After the load step, the quadrature 
current increases to 0.15 pu so the FESS provides the necessary 
power to the isolated grid for satisfying the increased demand. 
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After the positive step change in the wind speed, the quadrature 
current turns negative again —0.38 pu and the FESS absorbs the 
wind power excess. 

The flywheel speed is initially increasing, as the FESS is 
absorbing power. At t=0.2 s. the flywheel speed is 0.6118 pu 
and, after the load step, starts to reduce as the FESS supplies 
power to the isolated grid at the expense of its stored mechanical 
energy. This reduction is approximately linear as the supplied 
power, and so the brake torque, is approximately constant. 
Finally, after the wind speed step at t =3.2 s, the flywheel speed, 
at that point 0.6083 pu, increases linearly as now the FESS 
absorbs the wind power excess. At the end of the simulation at 
t=6s the flywheel speed is 0.6161 pu. 


7. Conclusions 


The components that form an FESS: bidirectional converter, 
electrical machine, flywheel, bearings and enclosure have been 
reviewed. Also the main applications of FESS: power quality, 
traction and aerospace are presented. FESSs are suitable for 
interchanging medium to high powers (kW-MW) during short 
periods (seconds—minutes) so that they can be used as a short- 
term ESS in power systems. The allowable number of charge and 
discharge cycles is very elevated (hundreds of thousands) and it is 
independent of the temperature and the SOC. These character- 
istics made the FESSs adequate to be used in isolated power 
systems, such as the presented IWPS in sections 4-6, for smother- 
ing the power oscillations. Indeed, the remote locations of the 
isolated power systems call for a low-speed FESS with low cost 
steel flywheel, robust asynchronous machine and mechanical 
bearings. Low-speed FESSs are 3-5 more inexpensive than high- 
speed FESSs [7] and Ref. [56] estimates that the purchase cost of a 
low-speed FESS is about $100/kW and that for high-speed FESS is 
about $300/kW. 

Supported by all the material shown in Section 2, in Section 5 
it is presented the sizing of a FESS with low-speed range (1800- 
3600 rpm) and able to supply 150 kW during 2 min consisting of a 
300 kW ASM and a 1.76 Tm steel flywheel. Simulations show that 
the sized FESS properly smoothes the IWPS power variations. The 
response to the +100 kW load step shows a frequency falling of 
—0.15%, a 1.36% voltage variation, the FESS changing from loading 
to generating power and a settling time of 1.521 s. During 
the+2 m/s wind speed step, the frequency rises up to 0.17%, the 
voltage variation is 1.14%, the FESS returns to consume the wind 
power excess and the settling time is 1.605 s. The simulations 
have also the aim of supporting explained concepts of Sections 
2 and 5 by presenting the variables of the FESS: ASM direct 
current which controls the magnetic flux and is kept constant, 
ASM quadrature current, which controls the electromagnetic 
torque and resembles a scaled version of FESS active power and 
the flywheel speed which indicates the FESS stored energy and 
increases/decreases almost linearly as the accelerating/braking 
torque during simulations can be considered nearly constant. 
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